The possible contribution of the mature portion of a mitochondrial precursor protein to its interaction with membrane lipids is unclear. To address this issue, we examined the interaction of the precursor to mitochondrial aspartate aminotransferase (pmAAT) and of a synthetic peptide corresponding to the 29-residue presequence peptide (mAAT-pp) with anionic phospholipid vesicles. The affinity of mAAT-pp and pmAAT for anionic vesicles is nearly identical. Results obtained by analyzing the effect of mAAT-pp or full-length pmAAT on either the permeability or microviscosity of the phospholipid vesicles are consistent with only a shallow insertion of the presequence peptide in the bilayer. Analysis of the quenching of Trp-17 fluorescence by brominated phospholipids reveals that this presequence residue inserts to a depth of approximately 9 Å from the center of the bilayer. Furthermore, in membrane-bound pmAAT or mAAT-pp, both Arg-8 and Arg-28 are accessible to the solvent. These results suggest that the presequence segment lies close to the surface of the membrane and that the mature portion of the precursor protein has little effect on the affinity or mode of binding of the presequence to model membranes. In the presence of vesicles, mAAT-pp adopts considerable ␣-helical structure. Hydrolysis by trypsin after Arg-8 results in the dissociation of the remaining 21-residue C-terminal peptide fragment from the membrane bilayer, suggesting that the N-terminal portion of the presequence is essential for membrane binding. Based on these results, we propose that the presequence peptide may contain dual recognition elements for both the lipid and import receptor components of the mitochondrial membrane.
The majority of mitochondrial proteins are encoded by nuclear DNA and synthesized in the cytoplasm as precursors containing an N-terminal extension peptide called presequence or signal sequence that targets the passenger protein to mitochondria (for review, see Ref. 1) . Following translocation into mitochondria, the presequence is proteolytically removed to render the mature form of the protein. In addition to the presequence, a partially folded conformation is also required for efficient import into mitochondria. Molecular chaperones present in the cytosol of eukaryotic cells are involved in maintaining proteins to be translocated in an "import-competent" state (2) (3) (4) .
Mitochondrial matrix presequences lack a consensus sequence (5), suggesting that secondary structure elements may contribute to function. Presequences are 20 -60 residues long and lack ordered secondary structure in aqueous solution (1, 6 -12) . Their sequences are characterized by the presence of positively charged and hydroxylated residues (5, 6) . A variety of mitochondrial presequence peptides have been shown to bind to lipid vesicles containing anionic phospholipids as amphipathic helical structures (5) (6) (7) (8) (9) (10) (11) (12) . The presence of positive charges and an amphipathic helical character of the presequence have been shown to be essential for import of most proteins into mitochondria (1, 6 -12) .
The molecular bases for the recognition and binding of presequences to the mitochondrial surface are controversial. It has been hypothesized that the targeting sites for import may involve the lipid phase of the mitochondrial membrane (6 -8) . Arguments for this view include the high affinity of presequences for anionic phospholipids, the induced changes in secondary structure required for import, and the lack of a consensus sequence. On the other hand, a multisubunit protein receptor complex has been identified in the outer mitochondrial membrane (13) . This import receptor complex recognizes positively charged presequences that form ␣-helices (14) . However, it has been suggested recently that Tom20, a component of the import receptor complex, preferentially recognizes presequences while membrane-bound (14, 15) . This implies that binding to anionic phospholipids in the outer membrane and subsequent induced change in secondary structure could precede recognition by the protein import complex.
Although the interaction of chemically synthesized presequences with membrane-like environments has been extensively studied, very little is known of the interaction of natural mitochondrial precursor proteins with membranes (16 -18) . The hydrophobicity of the mature protein, its isoelectric point, or possible effects on the conformation of the presequence by the mature form may affect the binding of the precursor to lipids. For instance, it has been suggested that the passenger protein of an artificial chimeric protein may affect the secondary structure of the signal sequence attached to it, abolishing import in vitro (19) . Thus, studies using intact authentic mitochondrial precursors are needed to further understand the interaction of targeting presequences with lipid membranes.
The dimeric precursor of mitochondrial aspartate aminotransferase has been purified from bacteria in an active form (20) , and represents an example of such a natural mitochondrial precursor. Aspartate aminotransferase exists in animal cells as two isoforms located in the cytosol (cAAT) 1 and the matrix of mitochondria (mAAT). The mitochondrial form is synthesized in the cytoplasm as a precursor (pmAAT) with a 29-residue presequence at its N-terminal end that targets the protein to mitochondria (21, 22) . Although pmAAT is efficiently imported into mitochondria in vitro, a chimeric protein composed of the pmAAT presequence attached to cAAT was not imported, suggesting that the passenger protein can affect import into mitochondria (23) .The pmAAT presequence peptide shares the same fundamental characteristics of other matrixtargeting sequences described above (see amino acid sequence in Fig. 3 ). The binding of pmAAT to liposomes is dependent on the presence of negatively charged phospholipids such as phosphatidylglycerol (PG) and cardiolipin (16) . The mature protein, lacking the 29-residue presequence peptide, is unable to bind to these vesicles under similar conditions, showing that the binding of pmAAT is dependent on the presence of the presequence peptide. However, at low ionic strength, the mature protein can bind to negatively charged vesicles because of its basic character (16 -18) .
In this work we analyze the interaction of the pmAAT presequence with model membranes containing negatively charged phospholipids. Several pertinent questions are addressed, such as the influence of the mature portion of the pmAAT protein on the binding of the presequence to lipid vesicles, the overall conformation of the presequence region when bound to phospholipid vesicles, and elements of the topology of the presequence in the membrane and its depth of insertion. We have used both a synthetic peptide corresponding to the rat liver pmAAT presequence (mAAT-pp) as well as the full-length pmAAT precursor purified as a recombinant protein. As a fluorescence-reporting group, we introduced a tryptophan residue at position 17 in the presequence, (F17W mutant), either during chemical synthesis of the mAAT-pp peptide or by site directed mutagenesis of pmAAT. Proteolytic access to unique arginine residues within the presequence was also used to assess the topology of the presequence while bound to model membranes.
EXPERIMENTAL PROCEDURES
Materials-pmAAT was expressed and purified from Escherichia coli as described previously (20) . mAAT was obtained by tryptic treatment of the precursor protein (trypsin:pmAAT molar ratio, 1:100) and a subsequent CM-Sepharose chromatography step (20) . The mutant F17W-pmAAT was prepared by digesting the cDNA for rat liver pmAAT previously cloned in Bluescript KS (pBSKS-4) (21) with EcoRI and BamHI and subcloning into the pALTER vector from Promega. Mutagenesis was performed following the manufacturer's instructions. The wild type and F17W-mutant mAAT-pp peptides were synthesized at the Protein Core Facility of the School of Biological Sciences and purified by reverse phase high performance liquid chromatography. Lipids were purchased from Avanti Polar Lipids (Birmingham, AL). 6-Carboxyfluorescein (CF), diphenylhexatriene (DPH), 8-aminonaphthalene-1,3,6-trisulfonic acid, disodium salt (ANTS), and p-xylenebis(pyridinium bromide) (DPX) were from Molecular Probes (Eugene, OR). All other regents were of the highest purity available. When appropriate, nonlinear least-squares fitting of the data was performed using Sigma Plot 4.01 (Jandel Corp.).
Preparation of Lipid Vesicles-Small unilamellar vesicles (SUVs) were prepared by sonication with a microprobe (Heat Systems Ultrasonics, Inc.) of a suspension of lipids in the appropriate buffer for a minimum of 6 min, or until the turbidity had cleared, while maintained under an argon atmosphere. The vesicles were then centrifuged briefly in an Eppendorf centrifuge to remove titanium particles. Large unilamellar vesicles (LUVs) were prepared by the reverse phase evaporation method (24) . Briefly, 10 mol of lipids in chloroform were mixed to give the appropriate composition. The solution was dried under a stream of argon and dissolved in 1 ml of ether, followed by the addition of 300 l of lipid buffer (10 mM HEPES, 0.1 mM EDTA, 100 mM NaCl, pH 7.5). The suspension was sonicated for 10 min in a bath sonicator to create a stable emulsion. The remaining ether phase was evaporated at low pressure in a rotavapor until a stable gel was formed. The gel was collapsed by a brief vortexing, and 700 l of lipid buffer were then added. The ether phase was further evaporated for 90 min under high vacuum. The sample was passed several times through two stacked 0.2-and 0.4-m filters (Nucleopore) to obtain a homogeneous population of liposomes and to remove multilamellar vesicles. The lipid concentration of the suspension was determined by phosphorous analysis (25) after hydrolysis for 30 min in 70% perchloric acid at 200°C.
Intrinsic Fluorescence Measurements-Peptide-lipid association was studied by monitoring the changes in the tryptophan fluorescence of F17W-mAAT-pp or F17W-pmAAT upon addition of SUVs. Fluorescence spectra were recorded at 25°C using an SLM 8100C spectrofluorometer set on photon counting, with excitation at 296 nm and 4-nm slits in the excitation and emission pathways. When vesicles were present, spectra were corrected for the fluorescence of vesicles alone.
Binding Experiments-To determine the degree of association of mAAT-pp and pmAAT with lipid vesicles, small aliquots of one of the components (peptide or vesicles) were successively added to a fixed amount of the other component in 1.4 ml of lipid buffer. The fluorescence intensity of the mixture was recorded at 338 nm ( ex ϭ 296 nm) 5 min after mixing the vesicles and peptide/protein. The contents of the cuvette were continuously stirred. The increase in fluorescence was calculated after correction for the change in volume caused by a given addition.
The binding of peptide to lipid bilayers can be described in terms of a simple bimolecular equilibrium model, which assumes that a distinct number of lipid monomers in a membrane comprise an individual peptide binding site. 
[P] is the equilibrium concentration of free peptide in solution. According to the law of mass conservation (total concentration of peptide,
.
The fluorescence intensity values at saturating concentrations of SUVs are an indication of maximum partitioning of peptide in the membrane. Thus, the concentration of bound peptide can be calculated using Equation 4.
F 0 , F, and F ϱ represent the fluorescence intensity in the absence of vesicles, at a given amount of vesicles, and in the presence of saturating amounts of vesicles, respectively. From Equation 4 and the law of mass action, we obtain Equation 5. (Fig. 1A) 
, the concentration of lipid required to attain binding of 50% of the available peptide.
For the peptide titration experiments, the increase in fluorescence at 338 nm was measured upon addition of small aliquots of mAAT-pp to a fixed concentration of SUVs. In the peptide titration experiments, we must also consider the conservation relationship for the lipid,
L n ] in addition to the mass conservation of the peptide indicated before. L/n is the concentration of unoccupied binding sites, and L t /n is the total amount of lipid binding sites. Substituting for free peptide and free lipid in Equation 2 and solving for bound peptide yields the quadratic equation shown in Equation 6 .
In this equation, only the subtraction gives meaningful values. In order to calculate [P b ] using Equation 4, we extrapolated F ϱ from a doublereciprocal plot of the total peptide fluorescence versus total concentration of lipid obtained in a separate experiment. Circular Dichroism Measurements-CD data were collected in a Jasco spectropolarimeter model J-720 using the software provided by the manufacturer for collection and analysis of the data. All the buffers were filtered through a 0.2-m filter to eliminate dust and other particles, and extensively degassed under vacuum. The CD spectra were recorded using a 0.1-cm cuvette at room temperature. Either the lipid buffer or a more far-UV transparent buffer (10 mM potassium phosphate, 10 mM KF, pH 7.5) was used. The spectra were corrected for the buffer contribution by subtraction of an appropriate blank and for the changes in volume due to the addition of the lipid suspension. The spectrum labeled 4 in Fig. 2 was truncated below 200 nm because the noise caused by turbidity precluded the recording of data at lower wavelengths. Molar ellipticity values were calculated according to the following expression: [] ϭ (/10) (114/lc), where is the ellipticity in millidegrees, 114 is the mean residue molecular weight in g/mol, l is the path length in cm, and c is the concentration in g/cm 3 . [] has the units of degree cm 2 dmol
Ϫ1
. The factor 10 in the previous equation originates from the conversion of mol Ϫ1 to dmol Ϫ1 . Leakage Measurements-LUVs (POPC:POPG, 1:1) containing CF were prepared essentially according to the method described above with the following modifications. The lipid buffer was substituted with a solution containing 50 mM CF in 10 mM HEPES, pH 7.5. After extrusion, free CF was removed by gel filtration on a Sephadex G-75 column (1 ϫ 20 cm) equilibrated in lipid buffer. The content of CF was measured by absorbance (⑀ 492 nm ϭ 72,000 M
) before disruption of the liposomes with 0.1% Triton X-100. The release of carboxyfluorescein from the liposomes as induced by interaction with pmAAT or mAAT-pp was followed at room temperature by monitoring the increase in fluorescence at 540 nm after excitation at 430 nm. Release of vesicular contents was also monitored by the ANTS/DPX assay (26) . LUVs containing 12.5 mM ANTS, 45 mM DPX, 10 mM Hepes were obtained by encapsulating this mixture in 50% PG vesicles as described above. Nonencapsulated material was removed by gel filtration on a Sephadex G-75 column. Dilution of the probes upon release of the vesicle contents would result in a relief of the quenching of the ANTS fluorescence by DPX. Fluorescence measurements were performed at 520 nm after excitation at 355 nm. In each case, the zero level of leakage corresponded to the fluorescence of vesicles alone at time 0 and 100% leakage was the maximum fluorescence intensity obtained after complete release of the probes by treatment of the vesicles with 0.1% Triton X-100. Internal and external osmolarities were adjusted with NaCl. To decrease light scattering due to the presence of LUVs, a filter (3-68) was placed between the sample and the emission monochromator.
DPH Anisotropy-To measure changes in DPH anisotropy at a constant temperature upon interaction with mAAT-pp or pmAAT, DMPC: DMPG (1:1) SUVs, prepared as described before, were diluted to a lipid concentration of 200 M in lipid buffer and 0.5 l of a solution of DPH in acetonitrile was added (DPH:lipid molar ratio, 1:300). After equilibration for 30 min at room temperature, increasing concentrations of peptide or protein were added to 1.2 ml of vesicles in a 3-ml cuvette. The excitation and emission wavelengths were 360 and 490 nm, respectively. The temperature of the cell compartment in the fluorometer was maintained at 38°C by a Haake F3 water bath and monitored by a Digi-Sense temperature control with a microprobe inside the cuvette. This temperature is above the melting temperature of the SUVs used (23°C) as reflected in the low value of r (Ϸ0.070) obtained for vesicles alone in the absence of peptide. The anisotropy was measured in a T-format, and it was automatically calculated using the software provided by the manufacturer according to the expression: r ϭ (I vv Ϫ I vh )/(I vv Ϫ 2I vh ), where r is the anisotropy of the sample, I vv is the fluorescence detected when the excitation and emission polarizers are set at 90°, and I vh is the fluorescence of the sample detected when the excitation polarizer is set at 90°and the emission polarizer is set at 0°. To minimize light scattering, filters were placed between the sample and the two detectors. The samples were kept under constant stirring.
Quenching of Tryptophan Fluorescence by Brominated Phospholipids-The F17W mutant of pmAAT or mAAT-pp containing a tryptophan residue at position 17 of the presequence peptide was used in these experiments. The fluorescence intensity of the peptide or protein was measured at 388 nm ( ex ϭ 296 nm) in samples prepared either in lipid buffer alone, or lipid buffer containing unlabeled SUVs (20% POPC, 50% POPG, and 30% PSPC) or SUVs of similar composition but containing 30% brominated PSPC (BrPSPC) instead of PSPC. BrPSPC is commercially available brominated at either positions 6 and 7 or 11 and 12 of the stearoyl acyl chains. Vesicles were prepared by sonication as described before. The quenching efficiency was defined as (⌬F 0 Ϫ ⌬F) ϫ 100/⌬F 0 , where ⌬F 0 and ⌬F are the increase in fluorescence upon binding of peptide or protein to unlabeled vesicles and to liposomes containing brominated phospholipids, respectively. To calculate the depth of insertion using the "parallax" analysis (27) , the following equation was used.
Z CF is the depth of the fluorophore from the center of the bilayer, L c1 is the distance from the shallow quencher to the center of the bilayer, L 21 is the distance between both quenchers, F 1 and F 2 are the fluorescence intensities of the fluorophore when incubated with membranes containing the shallow and deep quencher, respectively. Finally, C represents the two-dimensional quencher concentration in the plane of the membrane in mole fraction of quencher lipid in total lipid per unit area. The values for the constants were L c1 ϭ 10.8 Å, L 21 ϭ 4.5 Å according to x-ray diffraction data (28); C ϭ (0.3)/70 Å 2 , the average surface area per lipid molecule (29) .
RESULTS

Fluorescence Properties of F17W-mAAT-pp and F17W-pmAAT-
The intact precursor of mitochondrial aspartate transferase binds to vesicles containing negatively charged phospholipids (16) . Cardiolipin-containing vesicles showed the highest affinity of all the acidic phospholipids tested. However, similar levels of binding could be achieved by increasing the fraction of acidic phospholipids in the membrane (for instance, the binding affinity of pmAAT for 50% phosphatidylglycerol or 25% cardiolipin membranes was very similar). Because of cost considerations, in the studies described here, we used vesicles containing phosphatidylglycerol as acidic phospholipid instead of cardiolipin. SUVs were usually utilized when performing spectroscopic analyses to minimize interference from light scattering.
Interaction between lipid bilayers and tryptophan-containing peptides can be studied using the tryptophan residue as a fluorescent reporter group. To this end, a tryptophan residue was incorporated in position 17 of the presequence segment of intact pmAAT or mAAT-pp, the synthetic peptide derived from the presequence. When F17W-mAAT-pp was incubated with 50% PG (POPG/POPC, 1:1) vesicles, the fluorescence intensity increases and there is a blue shift of the max (Fig. 1) . These changes denote a shift on the surroundings of the tryptophan residue to a more hydrophobic environment upon lipid binding (30) . F17W-pmAAT behaved in a similar, but more complex fashion. The fluorescence intensity increased upon interaction with liposomes (Fig. 1A) , but the max did not change due to the large contribution of the 7 additional tryptophan residues present in the sequence of the mature portion of pmAAT (31) that mask the blue shift observed with the synthetic presequence peptide. As a control, the fluorescence of the wild type protein lacking a tryptophan in the presequence region was monitored and, as expected, no increase in fluorescence was observed in the presence of lipid vesicles (data not shown). However, intact pmAAT is a dimeric protein and can cross-link liposomes by the independent binding of each presequence to two different liposomes (17, 18) , causing an increase in light scattering and as a consequence a decrease in the fluorescence intensity of the sample. The magnitude of this decrease is dependent on factors that affect the formation of large aggregates, mainly the protein and lipid concentrations as well as their relative amounts. For this reason, experimental conditions of protein and lipid concentration were chosen so as to minimize this effect by measuring the decrease in fluorescence of wild type pmAAT in the presence of liposomes. Under optimal conditions (1.2 M protein and 250 M lipid), the average decrease in fluorescence due to light scattering was about 12%.
In order to estimate the relative affinities of F17W-mAAT-pp and F17W-pmAAT for lipid vesicles, both of them were titrated at a concentration of 1.12 M with increasing concentrations of 50% PG SUVs. Fig. 1A shows the relative increase in fluorescence intensity at 338 nm as a function of lipid concentration. The binding isotherms were analyzed as described under "Experimental Procedures," and the solid lines in Fig. 1A indicate the best fit of Equation 5 to the data. The apparent dissociation constants obtained were 140 Ϯ 6 M and 223 Ϯ 50 M for mAAT-pp and pmAAT, respectively. These dissociation constants represent the concentration of SUVs required to obtain binding of 50% of the total amount of peptide or protein present. Since the peptide forms a 1:n rather than 1:1 complex with the lipid (a single peptide binding site comprises n lipid monomers), the apparent dissociation constant is a function of n (K app ϭ nK d , see Equation 5 ). In a separate titration experiment, we measured the increase in fluorescence intensity upon titration of a fixed concentration of 50% PG SUVs (200 M) with increasing concentrations of mAAT-pp (0.5-9 M) (data not shown). The fraction of peptide bound was estimated from the difference in peptide fluorescence in the absence and presence of (Fig. 1A) ). However, using a centrifugation assay, a K d of 2.7 Ϯ 0.3 M and n ϭ 165 Ϯ 8 was obtained for binding of pmAAT to 50% PG large unilamellar vesicles (16) . These parameters give a partition constant of 450 M, about twice the value of the K app obtained in the lipid titration experiment. However, we should mention that different types of vesicles were used in these experiments (SUVs in the fluorescence experiments and LUVs in the centrifugation experiments). With factor WIII, binding sites of 385 and 166 phospholipid monomers have been reported with large and small vesicles, respectively (32) . Thus, the affinity of mAAT-pp and pmAAT for negatively charged phospholipid vesicles is nearly identical. However, the size of the binding site (lipid/protein ratio at saturation) is slightly larger for pmAAT, which is consistent with intact pmAAT requiring more physical space for binding to the membrane than mAAT-pp.
Secondary Structure of the Presequence Peptide in the Presence of Anionic Vesicles or SDS Micelles-The conformation of the presequence peptide either in solution or bound to anionic phospholipid vesicles was investigated by far-UV CD spectroscopy (Fig. 2) . Curve 1 in Fig. 2 shows that mAAT-pp in buffer alone has a CD spectrum characteristic of non-ordered structure (a single minimum centered at around 198 nm). However, the amount of secondary structure increases significantly upon addition of increasing concentrations of 50% PG SUVs (curves [2] [3] [4] . No further increase in ellipticity is observed at 3 mM 50% PG or higher (data not shown), while the noise caused by turbidity increases significantly. On the basis of a value of [] 222 nm of Ϫ26,500 degrees cm 2 /dcmol for 100% helix content for the 13-residue C-peptide from ribonuclease (33), a content of 26% of ␣-helix was calculated from a [] 222 nm of Ϫ6,853 degrees cm 2 /dcmol for the 29-residue mAAT-pp bound to 50% PG. However, at the peptide to lipid ratio (1:60) used to record the CD spectra, there is some peptide that remains free in solution. In fact, a 300-fold molar excess of lipid over peptide is required to have all of the peptide bound to vesicles (see Fig. 1 ). Therefore, the helical content of lipid-bound peptide should be higher than the 26% estimated under conditions of partial binding. Raising the concentration of lipids in the sample to 3 mM did not result in a further increase of the ellipticity, probably because the concomitant increase in turbidity caused an absorption flattening effect that decreases the CD signal (34). To circumvent this problem, the conformation of the peptide was also determined in the presence of SDS (Fig. 2B) . SDS micelles have been often used as membrane-mimetic models that have the advantage of causing low levels of turbidity (7, 35, 36) . The conformation of the peptide in this environment was similar to the conformation of the peptide bound to liposomes, as can be seen by comparing panels A and B in Fig. 2 . Similar results were obtained with the mutant peptide F17W-mAAT-pp (data not shown). The secondary structure of the presequence in the intact precursor could not be accurately determined because the CD signal from the mature portion (401 residues) would obscure the small contribution from the 29-residue presequence peptide. However, it is reasonable to assume that the presequence peptide shows very similar behavior, since no differences could be detected in any of the other binding properties analyzed.
Theoretical calculations using protein secondary structure prediction methods (37, 38) detect two regions in the sequence of the presequence peptide with high probability of adopting ␣-helical structure (Fig. 3) . Only one of the prediction methods used (37) assigned helical potential to a small portion of the N-terminal region of the peptide (residues 3-5).
Nature of the Interactions between Presequence or pmAAT and Anionic Vesicles-To characterize the nature of the interaction of the presequence peptide or intact pmAAT with the 50% PG membranes, we analyzed whether peptide/protein binding induced membrane perturbation or changes in permeability by monitoring the release of a fluorescence probe, 6-carboxyfluorescein, entrapped at self-quenching concentrations in the lipid vesicles. LUVs were used in this experiment instead of SUVs because of their larger entrapped volume, which allowed for a higher CF encapsulating efficiency. The release of the vesicle contents, which results in an instantaneous increase in fluorescence as CF is diluted in the medium, was monitored after the addition of protein. The results shown in Fig. 4 indicate that, first of all, pmAAT and the mAAT-pp cause similar degree of leakage. The percentage of total CF released from the loaded vesicles is less than 30% for 7 M peptide or protein. The difference in fluorescence intensity in panels A and B reflects variable levels of entrapped CF in liposomes in these independent experiments. Similar results were obtained when the ANTS-DPX assay was used to assess leakage of vesicle contents induced by peptide/protein binding (data not shown). The leakage caused by mAAT-pp or pmAAT is only moderate when compared with those reported for membrane active peptides that are able to span the membrane (39, 40) . This suggests that the pmAAT presequence peptide does not insert deeply into the bilayer.
The kinetics of the leaking process are somewhat different for the peptide and for the intact precursor protein (Fig. 4C) . The experimental results of panels A and B were fitted to an equation with an exponential and a linear component. The exponential component might correspond to the initial fast interaction of the presequence/protein with the membrane that disturbs the bilayer permeability. The linear component may represent the state in which the bilayer has already accommodated the presequence and thus signifies the residual leakage observed in this new state. The values for the constants were k ex ϭ 0.0029 s
Ϫ1
, k lin ϭ 2.39 s Ϫ1 for pmAAT; and k ex ϭ 0.044 s Ϫ1 , k lin ϭ 0.93 s Ϫ1 for the mAAT-pp. The first phase is slower for the precursor protein than for the peptide, while for the second constant, it is faster for the precursor protein than for the mAAT-pp. This difference could indicate that the mature part of the precursor protein, a basic protein (pI Ͼ 9), also interacts with the membrane surface. By contrast, as can be seen in Fig. 4C , the mature protein by itself causes no detectable leakage. Therefore, it appears that only the stable binding of the presequence in pmAAT can bring the mature region in the proximity of the vesicle and thus favors its interaction with the bilayer. On the other hand, the synthetic polycationic peptide poly(Lys-Ala), which binds to the vesicle surface by electrostatic interactions with the phospholipid head groups, did not cause detectable leakage of CF (Fig. 4C) . These results indicate that binding through electrostatic interactions alone does not affect the permeability and integrity of the membrane.
Analysis of Presequence Insertion into Model Membranes by DPH Anisotropy and Quenching of Fluorescence by Brominated
Phospholipids-Peptide insertion into bilayers is often accompanied by a concomitant increase in the microviscosity of the surrounding lipids as a result of restrained motion in the acyl chain region of the phospholipids. This restraint in motion can be detected by examining the increase in the anisotropy of the lipophilic fluorescence probe DPH incorporated in the membrane (41, 42) . For these experiments, liposomes containing saturated fatty acids such as myristic acid (DMPG:DMPC, 1:1) were used because they have melting temperatures (25°C) higher than that of the POPG:POPC (below 0°C) liposomes used in previous experiments. Fig. 5 shows that the anisotropy of the DPH probe inserted in DMPC:DMPG SUVs does not change significantly by the addition of increasing concentrations of peptide or precursor protein at a temperature above the melting temperature of the lipids. Control experiments showed that the peptide was binding to the DMPG:DMPC vesicles (data not shown). As a positive control, gramicidin D, a peptide of 14 amino acids that can span the membrane bilayer (43), induced an increase in anisotropy (Fig. 5) that is of similar magnitude to that reported for other membrane-spanning peptides (40, 42) .
By using vesicles containing phospholipids brominated at different positions in the acyl chains, the depth of insertion of the presequence peptide into the bilayer was estimated by analyzing the quenching of the intrinsic fluorescence of Trp-17, as explained under "Experimental Procedures." The brominated phospholipids are often used as probes to locate fluorophores in proteins or peptides within a membrane bilayer. The time for two lipids to change position in a bilayer is considerably higher that the fluorescence lifetime for tryptophan, so that quenching of tryptophan fluorescence by a brominated phospholipid acyl chain can be considered a static quenching phenomenon (44, 45) . The degree of quenching depends on the proximity of the fluorescence probe to the bromine atom. Brominated phospholipids are commercially available as dibromine palmitoyl-2-stearoyl phosphatidylcholine (BrPSPC). The bulky bromine atoms in these dibrominated phospholipids have similar effect on lipid packing as a cis double bond, and therefore these lipids behave much like natural unsaturated phospholipids. Control experiments indicated that the presence of 30% BrPSPC did not affect the interaction of mAAT-pp or pmAAT with liposomes (data not shown).
As shown in Fig. 6 , the presence of brominated phospholipids FIG. 3 . Secondary structure prediction of the pmAAT presequence peptide and helical wheel projections of the putative ␣-helical regions. Calculations of the secondary structure were carried out using either AGADIR (38) or "nnpredict" (37) secondary structure prediction methods. Both produced similar outcomes except that only "nnpredict" assigned helical potential to residues 3-5. Double-headed arrows indicate the ␣-helical regions detected. Arg-8 and Arg-28 are located at or near the ends of the longer helical segments. In the helical wheel representation, hydrophobic residues are presented in bold. in the vesicles causes significant quenching of the Trp-17 fluorescence in both pmAAT and mAAT-pp. The magnitude of the quenching is higher when the bromine atoms are located in positions 6 and 7 of the acyl chain than when present at positions 11 and 12. These results indicate that Trp-17 could be closer to positions 6 and 7 in the acyl chain than to positions 11 and 12, which is consistent with a relatively shallow insertion of the reporting residue in the bilayer. Quantitative analysis of the data indicates that pmAAT and mAAT-pp display identical behavior, arguing that in both Trp-17 is buried at similar depths in the membrane.
The parallax method of interpreting the quenching of the fluorescence of tryptophan or tyrosine containing peptides by lipid probes has been used to estimate the depth of insertion of the fluorescent probe in the membrane (27, (45) (46) (47) . The depth of insertion was calculated as described under "Experimental Procedures" using the fluorescence quenching data shown in Fig. 6 . The average distances from the center of the bilayer calculated for Trp-17 in the presequence peptide were 9.7 Ϯ 0.7 Å and 8.9 Ϯ 0.2 Å for mAAT-pp and pmAAT, respectively. Therefore, no major difference exits in the location of Trp-17 in both cases. These distances, considering an average span of 15 Å for the aliphatic chain of the phospholipids (29), correspond to a location of the tryptophan residue in approximately the first third of the total length of the acyl chain from the polar head of the phospholipids. One of the potential problems associated with the use of the parallax method to determine the depth of insertion of peptides into bilayers is that binding of the basic peptide or protein may induce partial lipid phase separation by the clustering of negatively charged phospholipids. This may cause a depletion of the phosphatidylcholine-based lipid probe within the lipid microdomain surrounding the peptide, which could affect quenching. This effect is considered to be rare (47) and was not investigated in this study. Therefore, its possible consequences on the accuracy of the absolute values calculated are unknown. However, it should not affect the conclusion that the location of the tryptophan probe within the bilayer is similar in the isolated presequence and intact pmAAT.
Trypsin Susceptibility of the mAAT-pp and pmAAT Bound to Anionic Vesicles-The presequence of pmAAT contains two trypsin-susceptible peptide bonds at positions 8 and 28, which can be easily cleaved by this protease under mild conditions (16, 48) . The mature portion of the protein is extremely resistant to proteolysis (16, 21) . Binding of pmAAT to anionic liposomes imparts a partial protection to cleavage by trypsin at Arg-8, whereas hydrolysis at Arg-28 remains unchanged (16, 49) . Fig. 7 shows the changes in the fluorescence of Trp-17 in F17W-mAAT-pp and F17W-pmAAT bound to 50% PG after addition of trypsin. The fluorescence of F17W-pmAAT bound to liposomes decreases with time after addition of trypsin, which is consistent with a shift of Trp-17 to a more hydrophilic environment. Digestion with trypsin also reverses the fluorescence emission max of mAAT-pp to that characteristic of the peptide free in solution (data not shown). Thus, the large peptide fragment containing Trp-17 (⌬ (1-8) -mAAT-pp, probably missing the C-terminal alanine as well since trypsin also cleaves after Arg-28) seems to dissociate from the membrane upon removal of the N-terminal octapeptide. Because of the absence of a pertinent reporting group, the fate of this 8-residue fragment is unknown. These results indicate that the N-terminal end of the presequence peptide is essential for presequence binding to lipid vesicles. The rate of fluorescence decrease was essentially identical for the isolated peptide and the intact precursor (Fig.  7) , suggesting again a similar interaction of the presequence peptide with the membrane surface for both of them. Cleavage by trypsin after Arg-8 and Arg-28 was confirmed by SDSpolyacrylamide gel electrophoresis analysis of the samples containing pmAAT (data not shown). However, since trypsin cleaves much faster at the Arg-28 peptide bond than at Arg-8 in the lipid-bound protein (16), the predominant species observed were ⌬(1-28)-pmAAT and only small amounts of ⌬(1-8)- pmAAT. Consequently, the trypsin cleavage responsible for the change in fluorescence probably takes place mainly in the free presequence after the mature portion has been removed, and therefore it is not possible to correlate the time course of trypsin hydrolysis with the kinetics of the concomitant decrease in tryptophan fluorescence.
DISCUSSION
In the present work, we show that the mature portion does not contribute significantly to the affinity of a mitochondrial precursor for binding to anionic phospholipid vesicles, at least when the protein is in its native state. Apparently, binding of the precursor to liposomes is mediated primarily by interactions with the presequence peptide. Although this is the first study comparing the lipid binding properties of an authentic mitochondrial precursor protein and its presequence peptide, similar studies using a secretory bacterial protein (42, 50) also concluded that the mature portion of the precursor protein did not have any effect on the binding of the signal peptide to lipids. In our case, the only difference detected between the presequence peptide and the precursor was on the kinetics of carboxyfluorescein release from liposomes (Fig. 4) . This difference in behavior can be attributed to the disruption caused in the membrane by the weak electrostatic interactions of the positively charged mature moiety of pmAAT with acidic phospholipids. Binding of native pmAAT to liposomes results in loss of catalytic activity, suggesting that the mature portion of the protein also interacts with the lipids (17, 18) . Furthermore, mature mAAT has been reported to bind to mitochondria at low ionic strength and this interaction induces conformational changes in the protein (51). It is not clear whether the interaction of the mature portion of the precursor with membranes and the subsequent conformational changes have any role in the import of the protein into mitochondria, but according to the results presented in this study, it does not contribute substantially to the affinity of the precursor for the membrane. On the other hand, it has been shown that a chimeric protein containing the pmAAT presequence fused to cAAT was not imported into mitochondria (23) . Thus, the mature portion of pmAAT may actually contribute to the efficient uptake of the protein by mitochondria perhaps indirectly, by mediating specific interactions of this protein with molecular chaperones in the cytosol that control its slow rate of folding (4, 21) . Alternatively, the mature region may contain recognition elements for the mitochondrial translocation machinery.
The results presented in this work are also consistent with a shallow insertion of the pmAAT targeting sequence in the membrane bilayer. First, binding of the presequence peptide causes only moderate release of vesicle contents. However, this membrane perturbation cannot be explained just by electrostatic interactions between the positively charged residues of the presequence peptide and the negatively charged head groups of the membrane phospholipids membranes since poly(Lys-Ala) peptides did not produce any leakage. Thus, other interactions such as those between the hydrophobic face of the putative amphipathic regions of the presequence and the acyl chains of the phospholipids have to be considered. Second, binding of pmAAT or mAAT-pp does not induce substantial changes in the anisotropy of the fluorophore DPH embedded in the membrane bilayer. Third, as determined by using the parallax method, the depth of the aromatic side chain of Trp-17 is approximately 9 Å from the center of the bilayer or 5 to 6 Å from the boundary between the polar head groups and the acyl chains of the phospholipid. However, the tryptophan side chain used as a probe is bulky and fairly apolar and therefore would orient preferentially toward the hydrophobic core of the bilayer. Thus, the peptide backbone is probably located at a depth shallower than that estimated for the tryptophan aromatic group. Using EPR analysis, a similar depth of insertion (about 13 Å deep from the surface) was found for the nitroxides of spin labels attached to various positions in the N-terminal region of a peptide derived from the presequence of cytochrome oxidase subunit IV (52) . Finally, both Arg-8 and Arg-28 are accessible to the solvent in the lipid-bound peptide. According to the rates of trypsin hydrolysis at these two positions (16), Arg-28 seems to be fully exposed while Arg-8 is partially protected by the membrane. Given the position of the three residues for which we have topological information in the middle (Trp-17), Cterminal (Arg-28), and N-terminal (Arg-8) sections of the peptide, the results are most consistent with the peptide being located close to the surface and most likely nearly parallel to the membrane.
The behavior of the pmAAT presequence after treatment with small amounts of trypsin provides information on the contribution of the different regions of the presequence peptide to its affinity for lipid membranes. The changes in tryptophan fluorescence are consistent with the dissociation of the larger tryptic fragment (⌬(1-8)-mAAT-pp) from the membrane. This suggests that the first 8 residues of the presequence are essential for membrane binding. This is in agreement with results obtained with pig pmAAT showing that the first 8 residues of the presequence peptide were essential for import into mitochondria (22) . Furthermore, replacement of His-5 and Arg-8 with glycine or deletion of the N-terminal region from position 2 to 8 abolished import. This presequence peptide shares 93% sequence identity with the rat protein used in this study, including the identity and location of the positively charged residues.
The synthetic mAAT-pp lacks ordered structure in buffer but acquires substantial amounts of ␣-helical structure upon binding to negatively charged phospholipid vesicles or anionic detergent micelles. According to the structure calculations, the N-terminal region has very little potential to form a regular secondary structure, although it still may do so in the hydrophobic environment of the bilayer. The region immediately C-terminal to this N-terminal octapeptide, comprising residues Arg-8 to Phe-17, shows the strongest probability of all the residues in the 29-mer peptide of forming an ␣-helix. The potential amphipathic character of this ␣-helix is apparent in the helical wheel representation shown in Fig. 3 . Extensive studies on the structure and topology of several isolated presequence peptides, particularly those of rat liver mitochondrial alcohol dehydrogenase (ALDH) (8, 11, 12, 53) and cytochrome oxidase subunit IV (7, 9, 10, 54) bound to micelles and/or model membranes, favor a model in which presequences bind to bilayers as amphipathic structures. Such amphiphiles, particularly ␣-helices, would be stabilized by an interplay of electrostatic effects and hydrophobic interactions so that the hydrophobic face is solvated by the acyl chains of the phospholipids and the hydrophilic, often positively charged face of the structure interacts with the negatively charged polar groups of the phospholipids. Yet, the C-terminal half of the pmAAT presequence (residues 9 -28), which includes the putative amphipathic helix, appears to show relatively low affinity for binding to membranes as it quickly dissociates upon trypsin cleavage after Arg-8. Thus, it appears that the interaction of this presequence with model membranes is not primarily through the longer amphipathic helix but through the short, positively charged N-terminal segment. Alternatively, the amphipathic ␣-helix may extend upstream toward the N terminus of the peptide beyond the predicted region and cleavage at the Arg-8 peptide bond may decrease the stability of the lipidbound helix by eliminating two positive charges and shortening its length. Detailed studies with deletion mutants of the ALDH presequence revealed that both helices are required for import into mitochondria and that removal of the linker region resulted in a longer, more stable helix (53) . Apparently the Cterminal helix is needed to stabilize the helix at the N-terminal region. Whatever the precise mechanism, the positively charged N-terminal end of the pmAAT presequence is necessary for stable binding to membranes.
The interaction of the presequence N-terminal region with the outer membrane lipid components may represent one of the initial steps in the decoding of the targeting sequence by the mitochondrial membrane. Both the outer and inner mitochondrial membranes contain approximately 20 mol % of acidic phospholipids, including cardiolipin (5% and 18% in the outer and inner membrane, respectively) (55) . Cardiolipin has been shown to stabilize the helical conformation of cytochrome oxidase subunit IV presequence in mixed micelles (54) and to promote the binding of several mitochondrial precursors to liposomes. In addition, contact sites regions between the outer and inner membranes of mitochondria, where protein translocation occurs (56) , are enriched in unsaturated cardiolipin (24% of total phospholipids in both membranes) (57) . Thus, the membrane phospholipids, particularly cardiolipin, may play a role in the initial steps of the multistep process of presequence decoding along the import pathway. The initial interaction of the presequence with the phospholipid bilayer could facilitate recognition by the general import receptor through efficient two-dimensional diffusion on the mitochondrial membrane.
The NMR structure of the cytosolic domain of a mitochondrial import receptor, Tom20, in a complex with a presequence peptide derived from rat ALDH has been reported recently (58) . The bound presequence forms an amphipathic helical structure. Binding is mediated primarily by hydrophobic interactions involving the hydrophobic side of the helix with a hydrophobic patch in the peptide binding groove of the receptor. Hydrophilic residues surrounding the peptide binding site in Tom20 may reinforce the peptide binding by interaction with the hydrophilic residues of the amphipathic helix. This mode of binding is reminiscent of the way amphipathic helices bind at the boundary between the polar and hydrophobic components of phospholipid membranes. Since the complexes used in the structure determination were prepared in the absence of membranes, it was concluded that the amphipathic helix is formed directly at the binding site of the receptor and therefore is not a prerequisite for precursor proteins to first bind to the mitochondrial membrane to be recognized by Tom20 (58) . However, it has been shown that the presence of detergents increases substantially the binding affinity of a targeting sequence for the cytosolic domain of Tom20 (15) probably by inducing secondary structure in the peptide ligand. Thus, binding of precursors to mitochondria in an intact cell could involve an initial interaction with the membrane lipids to improve specificity and increase the affinity of the subsequent interaction with the protein receptor.
The NMR structure of the Tom20:ALDH presequence complex also revealed that the N-terminal half of the peptide, ALDH (1-11), did not bind to the receptor suggesting that the C-terminal half of the ALDH signal sequence contains the Tom20 recognition motif of the 22-residue peptide (58) . Furthermore, based on the size of the hydrophobic region in the peptide binding site, Tom20 probably recognizes sequences as short as 8 amino acid residues, approximately two turns of an ␣-helix. This is the size of the predicted amphipathic helical segment of the pmAAT presequence (residues 8 -17), which is part of the C-terminal portion of the presequence that shows a much weaker interaction with the lipid vesicles than the fulllength peptide. This segment of the presequence might represent the Tom-20 recognition sequence of pmAAT. As we show in this work, the N-terminal region seems to mediate binding to membrane lipids. We can hypothesize that the strong affinity of the N-terminal region for the lipid phase could bring the rest of the presequence in contact with the membrane and thus favor the adoption of an amphipathic helical structure by the Cterminal region of the peptide. However, as the presequence diffuses on the plane of the membrane anchored by the strong interaction of the N-terminal section, the C-terminal portion of the peptide, more loosely bound, may be able to search and bind the import receptor. The fact that the peptide already has at least partial helical structure may favor binding to the receptor by increasing the affinity of the interaction (15) . This model would also explain why most observations with mitochondrial targeting sequences show that they do not insert deeply into bilayers. Recognition and binding of the presequence peptide to the import receptor would require the targeting sequence to remain accessible near the membrane surface. Further characterization of the structure of the pmAAT presequence peptide in membrane mimetic environments and of its interaction with mitochondrial membranes is in progress to test this model.
